One way to obtain information about the process of neuronal migration is by using a genetically tractable La Jolla, California 92093-0349 animal such as the nematode Caenorhabditis elegans. C. elegans has a simple, well-characterized nervous system consisting of 302 identified neurons, and it is exSummary tremely amenable to classical and molecular genetic studies [10]. Moreover, because individual migrating Background: The directed migration of neurons during development requires attractive and repulsive cues that cells can be specifically labeled in transgenic animals expressing green fluorescent protein under the control control the direction of migration as well as permissive cues that potentiate cell motility and responsiveness to of a cell-type-specific promoter, it is straightforward to assay cell migration in wild-type and mutant animals in guidance molecules. each of these mutants, the ventral migration of AVM Although recently a great deal of progress has been frequently does not occur or is misdirected, suggesting made in understanding the mechanisms controlling the that calcium influx in the migrating AVM neuron promotes cell motility and/or response to guidance cues 1 Correspondence: wschafer@ucsd.edu 2 These authors contributed equally to this work.
were often found anterior to their normal positions in facilitates neuronal migration in wild-type animals. Only Thus, serotonin was required primarily for accurate guida small number of C. elegans neurons express tryptoance of the SDQR and AVM migrations; although, it also phan hydroxylase, the essential enzyme for serotonin had a slight effect on the long migrations of the precursor biosynthesis; in the embryo and L1 larva, these include neuroblasts.
the two NSM neurosecretory cells and the two ADF We also assessed the effect of serotonin on the outchemosensory neurons [23]. To determine if either of growth and guidance of the AVM axon. To visualize the these two cell types might be the source of the serotonin AVM axon in wild-type and mutant animals, we used the involved in promoting neuronal migration, we performed mec-4::GFP transgene to fluorescently label the AVM cell-specific laser ablations of these cells immediately processes and cell body [27]. Since mec-4 encodes a after hatching and assessed the effect of the ablation touch neuron-specific degenerin channel, mec-4::GFP on the postembryonic AVM and SDQR migrations. We allowed labeling of all touch cell axons as well as profound that ablation of the NSMs alone resulted in a vided a marker for touch neuron differentiation. In a significant (penetrance ϭ 20%-25%) migration defect tph-1 mutant background, we observed that mec- (Table 1) . Likewise, ablation of the ADFs alone also 4::GFP was expressed normally in AVM, indicating that caused a significant defect in AVM and SDQR migration it adopted the cellular identify of a touch neuron. More-(penetrance ϭ 45%-50%). Ablation of all four neurons over, although many of the tph-1 animals had misplaced resulted in a migration defect that, while no greater in AVM cell bodies, in all of these animals, the AVM axon penetrance than that of the ADF singly ablated animals, nevertheless made the proper connection into the venwas essentially identical in penetrance to the tph-1 deletral cord (data not shown). Thus, serotonin deficiency tion mutant. Thus, the NSM and ADF neurons together appeared to affect guidance of only the cell body, not appeared sufficient to account for serotonin's effects on the axon, of AVM. neuronal migration during postembryonic development.
Effect of Serotonin on the Migrations of Embryonic Neurons Exogenous Serotonin Restores Directed Cell Migration In addition to the postembryonically migrating neurons AVM and SDQR, several other neurons undergo directed
Since endogenous serotonin appeared to be important for promoting motility in migrating neurons, we reasoned migrations during embryogenesis. For example, ALM and BDU are bilaterally symmetric sister neurons that that application of exogenous serotonin might rescue the migration defects of serotonin-deficient mutants. are generated in the head region of the embryo. During late embryogenesis, the BDU neurons migrate a short Since the egg shell surrounding the embryo is not serotonin permeable, we assayed whether exogenous serodistance to lateral positions just posterior to the head, while the ALM neurons migrate a longer distance to tonin added to the growth medium could rescue the postembryonic migration defects in AVM and SDQR. dorsal and more posterior positions (Figure 1 ). To determine whether serotonin affected the guidance of these We observed that exogenous serotonin indeed rescued the AVM and SDQR cell body positioning defects of migrations, we assayed the final positions of ALM and BDU in tph-1, cat-1, bas-1, and cat-4 mutant animals.
tph-1, cat-1, cat-4, and bas-1 mutant animals (Figure 4 ), supporting the hypothesis that serotonin can potentiate We observed that the cell bodies of both ALM and BDU In principle, GOA-1 could mediate either serotonin were specific to cell body migration, since the AVM axon entered the ventral cord in the correct location in mutant release or serotonin response during neuronal migration. To distinguish between these possibilities, we anaanimals even when the cell body from which the axon originated was misplaced (data not shown). Interestlyzed a double mutant carrying a tph-1 deletion and a goa-1 gain-of-function allele. In this double mutant, we ingly, whereas a gain-of function allele of egl-30 caused significant misplacement of all four neurons, a goa-1 observed a substantially lower penetrance of AVM, SDQR, and BDU misplacement than in the tph-1 single gain-of-function allele showed no misplacement phenotype for AVM, SDQR, or BDU (Table 2) . Thus, G o , like mutant. Thus, the dominant, constitutively activating goa-1 mutation suppressed the cell migration phenoserotonin, appeared to play a permissive rather than an instructive role in the migrations of these three neurons.
types of the tph-1 deletion mutant, implying that G o functioned downstream of serotonin in promoting diTogether, these data suggested that serotonin's effect on AVM, SDQR, and BDU cell migration might be rected migration of these neurons. We also found that exogenous serotonin failed to rescue the migration demediated by a G o -dependent signal transduction path- unc-2 single mutant for BDU and SDQR, and they were comparably penetrant for AVM. Furthermore, we also observed that the migration defects of the unc-2 mutant were not rescued by exogenous serotonin, suggesting expression of the transgene was never observed in NSM that the migration defects of unc-2 mutant animals are or ADF. Thus, if GOA-1 functioned within the migrating not a result of a deficiency in serotonin release ( Figure 5 ). neurons, an egl-46::goa-1(dm) transgene might be exTaken together, our results suggest that unc-2 functions pected to rescue the AVM/SDQR migration defects of downstream of serotonin and G o in the control of AVM, a goa-1(n1134) mutant. In fact, we found that this was SDQR, and BDU migration. so; out of 29 independent F1 animals transformed with the transgene, AVM was misplaced in only 2 and SDQR was misplaced in only 3 (Table 3) -1(n1134)I, egl-30(n686)I, eglADFs have a standard sensory neuron morphology, they   30(sy676dm)I, syIs9[goa-1(Q205L)dm]I, tph-1(mg280)II, catexpress tryptophan hydroxylase at very high levels, and   2(e1112)II, bas-1(ad446)III, cat-4(e1141)V, unc-2(mu74)X, and 
